Background: Leukocyte telomere length (LTL) attrition has been associated with age-related diseases. Telomerase RNA Component (TERC) genetic variants have been associated with LTL; whereas fatty acids (FAs) can interact with genetic factors and influence in aging. We explore whether variability at the TERC gene locus interacts with FA profile and two healthy diets (low-fat diet vs Mediterranean diet [MedDiet]) modulating LTL, glucose metabolism, and inflammation status in coronary heart disease (CHD) patients. Methods: Inflammation status (high-sensitivity C-reactive protein [hsCRP], glucose metabolism-glucose, insulin, and glycated hemoglobin [HbA1c], and homeostasis model assessment of insulin resistance [HOMA-IR]), LTL, FAs, and single nucleotide polymorphisms (SNPs) of the TERC gene (rs12696304, rs16847897, and rs3772190) were determined in 1,002 patients from the CORDIOPREV study (NCT00924937).
Cardiovascular disease (CVD) and specifically coronary heart disease (CHD) remains the first cause of mortality in developed countries (1) , and more than 40% of CHD events occur in patients with a previous CHD event (2) , suggesting that conventional cardiometabolic risk factors are not treated properly and additional risk factors need to be addressed. In this regard, inflammation status and telomere attrition may be an appropriate target (3, 4) .
Telomere length has been postulated as a marker of age-related diseases due to a key role in cellular senescence, and telomerase is the key enzyme responsible for regulating it (5) . In recent years, genomewide association studies (GWAS) have highlighted the relationship between leukocyte telomere length (LTL) and single nucleotide polymorphisms (SNPs) near telomerase RNA component (TERC) gene, specially rs12696304, rs16847897, and rs3772190 (6) .
Nevertheless, besides genetics, environmental factors could modulate LTL and consequently the aging process (7) . Unhealthy habits like sedentary lifestyle and poor nutrition have been linked with obesity and inflammatory state leading to progressive telomere attrition. Moreover, dietary patterns in general and nutrient composition in particular have commonly been accepted as a cornerstone of treatment for these risk factors directly related with aging (8) . However, recent evidence shows that general dietary recommendations may not be beneficial for all individuals, the extent of benefit could change due to genetic background (9) .
In our research, we investigated if genetic variability at the TERC gene locus (rs12696304, rs16847897, and rs3772190) interacts with fatty acid (FA) profile and two healthy diets (low-fat [LF] diet vs Mediterranean diet [MedDiet] ) modulating LTL, glucose metabolism, and inflammation status in coronary heart disease (CHD) patients from the Coronary Diet Intervention With Olive Oil and Cardiovascular Prevention (CORDIOPREV) study (NCT00924937).
Materials and Methods

Overall Design
Details of this trial have been provided in Clinicaltrials.gov (NCT00924937) and described in rationale and methods recently published (10 (10) . The current research was performed during the first year of the follow-up evaluating the effect of FA profile and diets in the parameters described in Laboratory Tests.
We have included only patients with all the parameters analyzed: genotyping, biochemical measurements, and dietary intervention; in all, there were 926 patients from all included in CORDIOPREV study (N = 1,002).
Laboratory Tests
Biochemical measurements, DNA isolation, and TERC genotyping have been described in previous researches (9) .
Plasma FAs were extracted from plasma and transmethylated with potassium hydroxide in methanol. FA methyl esters were analyzed by gas chromatography with flame ionization detection (GC-FID) on a 7820 Agilent GC (Waldbronn, Germany) furnished with a SP 2380 (60 m × 0.25 mm i.d., 0.2-µm thin film) from Supelco (Bellefonte, PA). Helium at 1 mL/minute was used as carrier gas with injector and detector temperature at 250°C and 295°C. The injected volume was 2 µL. The initial temperature of the chromatographic oven was 70°C, which was kept for 1.2 minutes. This value was increased up to 120°C at 25 °C/minute, at 1°C/minute up to 211°C and, finally, at 60°C/minute up to 270°C, which was kept for 5 minutes. FAs were identified by the comparison of the relative retention times of plasma FA methyl esters with standards of each FA methyl ester. Quantitative analysis was carried out with calibration models obtained by injection of multistandard solutions of FA methyl esters at different concentrations and using the peak area as quantitative response. Methyl tridecanoate was used as internal standard. Total plasma MUFA was calculated from the sum of C16:1, C18:1n9t, C18:1n7c, C18:1n9c, C20:1n9, C20:3n9, C22:1n9, and C24:1n9.
Quantitative PCR Analysis of LTL
LTL was determined using the Cawthon method (11). We estimated the relative ratio of telomere repeat copy number (T) normalized against a single copy gene copy number (Homo sapiens ribosomal protein L13a gene RPL13a; S) for all the samples. Results for each PCR were relativized to a standard curve built using a reference DNA sample. The standard curves for telomere and genomic PCRs consisted of eight standards of reference DNA (1-25 ng). The correlation between relative T/S ratios measured by quantitative PCR and relative telomere DNA restriction fragment length by Southern blotting has been confirmed previously.
All PCRs were performed with the use of iQ5-BIORAD thermal cycler and SensiFAST SYBR Lo-ROX kit (Bioline). The coefficient of variation (%CV) was 9.32% for the telomere repeat copy number and 6.76% for the single copy gene copy number. The thermal cycler profile for both amplicons began with 95°C incubation for 3 minutes to activate the polymerase, followed by 40 cycles of 95°C for 5 seconds, 54°C for 15 seconds. The reaction mix composition was identical except for the oligonucleotide primers: 20-ng template DNA, 1× SensiFAST SYBR Lo-ROX, 200-nM reverse primer, and 200-nM forward primer. The primer sequences were (written 5′→ 3′):
RPL13aF, CCTGGAGGAGAAGAGGAAAGAGA; RPL13aR, TTGAGGACCTCTGTGTATTTGTCAA; teloF, CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTG GGTT; teloR, GGCTTGCCTTACCCTTACCCTTACCC TTACCCTTA CCCT.
Statistical Analyses
Biochemical variables were assessed for normality of distribution, skewed variables were normalized by log 10 , as appropriate (Table 1 ). All analyses were performed with SPSS version 18.0 (SPSS, Chicago, IL). Data are presented as means ± SEM for continuous variables. The genotype distributions did not deviate from the Hardy-Weinberg expectations (p > .05). Given the low genotype frequencies of individuals homozygous for the minor alleles, and as the analysis did not suggest a recessive mode of action, we analyzed the SNPs using two genotype categories in a dominant model. Linkage disequilibrium is a particular case involving two SNPs on the same chromosome that favors that these SNPs segregating not independently and decreases the probability of recombination. When this association occurs is necessary to genotype only one of these (tag-SNP). Linkage disequilibrium coefficients were estimated by using the LINKAGE program (version 5.1; Internet: http://linkage.rockefeller.edu/soft/ list2.html#1). D′ and R 2 coefficients were calculated. The differences in mean values were assessed using analysis of variance (ANOVA). Covariates were age, gender, and body mass index. The effect of each SNP interacting with groups of plasma FAs (omega-3 and omega-6 PUFA, SFA, MUFA) on each variable was investigated using the median of plasma FAs to dichotomize the population and using the resulting groups (above the median vs below the median) as a fixed factor in combination with the SNP genotypes in a univariate ANOVA with the same covariates. Thus, in this model, we could assess the associated effects of SNP alone, FA alone, and the interaction between the SNP and the FA on the selected variables. On the other hand, gene-diet interactions were tested for using a SNP-diet interaction term in a univariate general linear model. The effect of each SNP interacting with the dietary pattern (LF and MedDiet) for each variable was investigated using the diet to dichotomize the sample and using the resulting groups as a fixed factor in combination with the SNP genotypes in the univariate ANOVA analysis, p less than .05 was considered significant.
Results
Baseline characteristics according to the TERC (rs12696304 and rs16847897) SNPs are presented in Table 1 . Linkage disequilibrium was found between the TERC rs12696304 and rs3772190 SNPs (D′ = 1.000 and R 2 = .917), in fact our results are focused in TERC rs12696304 SNP. At baseline, CC individuals at the TERC rs12696304 SNP (n = 559; p = .01) showed higher LTL than G-allele carriers (CG + GG; n = 367). No other differences at baseline were observed.
Gene-nutrient interactions were found between TERC rs12696304 SNP and MUFA levels. Among individuals with MUFA levels above the median, the CC genotype was associated with higher LTL (p interaction = .01; Figure 1A ) and lower highsensitivity C-reactive protein (hsCRP) levels (p interaction = .03; Figure 1B ) than G-allele carriers. In contrast, no significant differences were observed between CC and G-allele carriers with MUFA below the median. Glucose metabolism (glucose, insulin, HbA1c, and HOMA-IR) did not differ between participants with different genotypes. No significant interactions between other groups of plasma FAs (SFA, omega-3, and omega-6 PUFA) and TERC SNPs on LTL, hsCRP, and glucose metabolism were found.
In a second step, we examined whether the chronic consumption of two healthy diets (LF diet vs MedDiet) interacted with TERC SNPs modulating hsCRP. Interestingly, we observed a gene-diet interaction between TERC rs12696304 SNP and MedDiet dietary pattern for hsCRP (p interaction = .03; Figure 2 ). After 12 months of intervention, CC individuals displayed a higher decrease in hsCRP with the MedDiet intervention compared with the G-allele carriers. No other gene-diet interactions were observed.
Finally, a linear regression model including the original covariates was applied to create predicted values of LTL and hsCRP levels according to genotype at the TERC rs12696304 SNP. The genotype groups exhibited striking differences in the predicted changes in LTL ( Figure 3A ) and hsCRP ( Figure 3B ) in relation to plasma MUFA levels. Thus, from baseline data, the model predicts that in CC individuals for TERC rs12696304 SNP, an increase in plasma MUFA would elicit a considerable raise in LTL and a decrease in hsCRP levels. These predicted changes would not be seen in G-allele carriers.
Discussion
Inflammation status leads to a progressive telomere attrition linked with the pathogenesis of age-related diseases (12, 13) giving rise to the "inflammaging" (14) concept and the role of nutrition in attenuating this phenomenon (15) . We have demonstrated that MUFA interacts with TERC rs12696304 SNP to influence LTL and inflammation status. Moreover, after 12 months of MedDiet intervention, CC individuals displayed a better inflammatory profile than G-allele carriers.
At baseline TERC rs12696304 SNP was associated with LTL, specifically, CC individuals showed a higher LTL than G-allele carriers. These results at the TERC rs12696304 SNP are in agreement with the first GWAS published in 2010 linking the G-allele of TERC rs12696304 SNP with shorter LTL in multiple cohorts from Europe (6) . In 2015, similar results between TERC rs12696304 SNP and LTL were obtained by Al Khaldi and colleagues (16) .
In the last decade, CRP has emerged as an inflammation marker associated with age-related diseases such as type 2 diabetes mellitus (17) and CVD (18) due to various pathophysiological mechanisms that result in an increased cellular senescence. CRP is an acute-phase protein closely related with atheroma plaque formation (19) . Thus, in these locations of injury, such as atheroma plaque, CRP favors an inflammatory response with an increased leukocyte turnover (20) and a DNA damage secondary to telomere attrition that activates the cellular senescence (21) . This strong linkage with atherosclerosis puts the spotlight on the CRP as an independent marker with high predictive value for CVD events (22) . Cutoff points of hsCRP to estimate cardiovascular risk were defined by Ridker in 2003 (23); low, average, and high risk were described as less than 1, 1 to 3, and more than 3 mg/L. At baseline, mean values of hsCRP in our population were above 3 mg/L. Specifically, TERC rs12696304 SNP individuals had a high-risk profile (CC: 3.12 mg/L and G-allele carriers: 3.05 mg/L). Interestingly our results showed the interaction between TERC SNPs and MUFA, identifying lower hsCRP levels in CC individuals with MUFA levels above the median. Moreover, after the MedDiet, CC individuals had lower levels of hsCRP (from 3.04 to 1.93 mg/L) compared with G-allele carriers (from 2.83 to 2.44 mg/L). In 2014, Niknam and colleagues (24) found that MUFAs were inversely related with hsCRP in CHD patients. Similarly, the adherence to a MedDiet (25) downregulates cytokines, adhesion molecule, and acute-phase proteins such as CRP; this phenomenon causes a reduction on adhesion of circulating monocytes to endothelial cells slowing the inflammatory wall reaction and cellular senescence linked to atherosclerosis (26) . Our research shows that after 12 months of follow-up, CC individuals for the TERC rs12696304 SNP had a higher response to MedDiet decreasing hsCRP and therefore a significant decrease in inflammation status related with CHD.
On the other hand, CC individuals for the TERC rs12696304 SNP showed a gene-nutrient interaction with MUFA slowing telomere attrition. When plasma MUFA levels were above the median, these individuals presented a higher LTL than minor G-allele carriers. Telomere attrition and inflammation suppose a "vicious circle" with a positive feedback that leads to accelerated aging (27) . When protective function of telomeres is lost, a series of molecular mechanisms are activated stimulating the senescence-associated secretory phenotype (SASP) with an increased growth of cytokines, metalloproteinases, and cell adhesion molecules that trigger cell cycle arrest and cellular apoptosis. The principal mechanism related with SASP is the tumor suppressor protein p53 (P53) that binds to cyclin-dependent kinase inhibitor 1A (P21) gene promoter (P53/P21 complex) (28) . P53/P21 complex is activated in response to DNA damage and telomere attrition favored by inflammation markers such as CRP. Thus, telomere attrition, primarily associated with inflammation status, has emerged as a predictor of CHD. In a research including a cohort from Denmark (29), telomere attrition was significantly associated with CHD and early death. In 2011, Calvert and colleagues (30) showed that in CHD patients, monocytes had an increased production of cytokines; in these monocytes, a short LTL was observed suggesting the relationship between telomere attrition and inflammatory state associated with high-risk atheroma in these patients. Previous findings reported an inverse relation between hsCRP and LTL in women (31) . Our results in CC individuals for the TERC rs12696304 SNP corroborate the role of MUFA in reducing inflammation status and telomere attrition in CHD. When plasma MUFA levels were above the median, CC individuals showed the inverse relation between LTL and inflammation status, with low hsCRP levels and higher LTL than G-allele carriers. In agreement with these findings, a previous study of our group showed that MedDiet maintained telomere length in umbilical endothelial cells incubated with serum from participants (32) . In 2014, results from the Nurses' Health Study support that adherence to the MedDiet is associated with longer LTL (33) . Similar data recently published in the PREDIMED study (34) reported that the adherence to a MedDiet plays a beneficial effect in telomere attrition through anti-inflammatory mechanisms in high cardiovascular risk patients growing the evidence that MedDiet in general and MUFA in particular could modulate DNA damage and telomere attrition responsible of "inflammaging."
Our study represents the first evidence of the role of nutrition in genes related with LTL, a marker of aging in humans. Obviously, we need replication studies before extrapolating our conclusions to other populations with different health status, environmental factors, and ethnicities. Another shortcoming is that we only have LTL measures at baseline and not after 12 months of dietary intervention. However, we plan to perform a new measure of LTL at the end of the fourth year of follow-up. In this research, we have carried out 12 univariate ANOVAs at baseline. Our results were not adjusted for multiple statistical testing, and p less than .05 was considered significant. If multiple testing adjustment was done, our main results did not remain statistically significant. This could be a potential limitation of our results, however, this topic has been widely discussed by statisticians, but no gold standard method has been proposed (35) ; and if multiple statistical testing adjustment seeks to reduce false positives, an increase in false negatives could be generated. To avoid this phenomenon, this study presents several strengths focused primarily on the sample size (n = 926), helping to reduce the level of Type I errors maintaining levels of Type II errors. Moreover, this research includes a long-term and well-controlled dietary intervention to ensure the quality of the study (10) . Finally, another added value of this research represents the translational vision of these findings showing a marker like hsCRP, readily available in clinical practice, to estimate telomere attrition and risk of age-related diseases such as CVD.
In conclusion, our findings suggest that TERC rs12696304 SNP interacts with MUFA and MedDiet improving inflammation status and telomere attrition related with CHD. Given the growing evidence suggesting the relevance of telomere attrition in several conditions related with CVD and CHD, these results provide information about the role of nutrition through gene-diet interactions in modulating these pathophysiological mechanisms. It also responds to the need for more longitudinal studies that approach this linkage including genetic background as a cornerstone for a personalized nutritional advice of CHD patients.
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